Mortierella vindced was present in the ' microsomal' fraction ( IOOOOO g precipitate), the 'cell-wall' fraction (2000 g precipitate) and the ' mitochondrial ' fraction (I o 000 g precipitate). The properties of the ' microsomal ' enzyme were investigated. The pH optimum was between 5-8 and 6.2, and the temperature optimum was between 31 and 33 "C. The K,,, for UDP N-acetyl-Dglucosamine was 1.8 mM. The enzyme was stimulated by Mg2+ and a slight stimulation was also effected by N-acetyl-D-glucosamine. Soluble chitodextrins ~ were inhibitory. A pH-dependent, heat-stable inhibitor of chitin synthase activity was present in the soluble cytoplasm from the mycelium. The effects of aeration and glucose concentration on enzyme production in growing cultures were also investigated; maximum specific activity of chitin synthase was associated with the cessation of exponential growth. This paper describes some properties of the enzyme chitin synthase of Mortierella vinacea, including its inhibition, cellular location and synthesis in growing cultures.
enzyme were investigated. The pH optimum was between 5-8 and 6.2, and the temperature optimum was between 31 and 33 "C. The K,,, for UDP N-acetyl-Dglucosamine was 1.8 mM. The enzyme was stimulated by Mg2+ and a slight stimulation was also effected by N-acetyl-D-glucosamine. Soluble chitodextrins ~ were inhibitory. A pH-dependent, heat-stable inhibitor of chitin synthase activity was present in the soluble cytoplasm from the mycelium. The effects of aeration and glucose concentration on enzyme production in growing cultures were also investigated; maximum specific activity of chitin synthase was associated with the cessation of exponential growth.
I N T R O D U C T I O N
Chitin synthase (chitin-UDP acetylglucosaminyltransferase, EC. 2.4. I . I 6), which catalyses the formation of chitin from UDP N-acetyl-D-glucosamine (UDP-GlcNAc), has been reported in many fungi (Glaser & Brown, 1957; Jaworski, Wang & Carpenter, 1965; Porter & Jaworski, 1966; Camargo et al. 1967; Keller & Cabib, 1971; McMurrough, Flores-Carreon & Bartnicki-Garcia, 1971 ; Gooday, 1972; Jan, 1974) . The enzyme exhibits varying properties and activities in the different taxonomic groups, but there have been few attempts to relate the synthesis of the enzyme to the patterns of mycelial growth. Activities of chitin synthase were shown to depend on culture age in Venturia inequalis (Jaworski et al. 1965 ) and Mucor rouxii (McMurrough et al. 1971) . Similarly, Gooday (1973) demonstrated that the specific activity of chitin synthase in the fruiting bodies of Coprinus cinereus was dependent on their size and age. This paper describes some properties of the enzyme chitin synthase of Mortierella vinacea, including its inhibition, cellular location and synthesis in growing cultures.
METHODS
Organism and culture. Mortierella' vinaced strain NFI 33 (University of Nottingham collection) was maintained on malt extract agar at 30 "C. Spore suspensions for inoculation of liquid cultures were prepared in distilled water using four-day-old slopes. Mycelium, for enzyme preparation, was grown in 5 1 Erlenmeyer flasks containing 500 ml of Vogel's at I g/Ioo ml and the medium adjusted to pH 6.5. Spores were added at 108 ml. The flasks were incubated at 30 "C on a reciprocal shaker at IOO strokeslmin. The mycelium was harvested after 24 h by filtration through a sintered glass filter (porosity 0) and washed three times with ice-cold 50 ~M-KH,PO,-KOH buffer, pH 6.0, containing 10 m~-MgCl, (McMurrough et al. 19-71) .
In some experiments the fungus was grown in a simple fermenter. Spores were prepared and inoculated as described above. For these experiments cultures were grown on modified Vogel's salts medium containing NH,Cl as the nitrogen source and glucose was added at different concentrations. The fermenter contained 3 1 medium and was maintained at 30 "C. The cultures were agitated by a magnetic stirrer and aerated through a sparger.
Preparution of enzyme fractions. Washed mycelium was suspended in an equal volume of 0.5 M-KH,PO,-KOH buffer, pH 6.0, containing 10 m~-MgCl, and rapidly disrupted for 45 s in a Braun MSK homogenizer (4000 rev,/min) cooled with CO,. Microscopic examination showed that at least 99 % of the cells were ruptured and the contents released. After centrifuging at 2000 g (gaV, with swing-out rotors) for 10 min, the pellet (' cell-wall ' fraction) was resuspended in 50 ~M-KH,PO,-KOH buffer, pH 6.0, containing I m~-MgCl,. The supernatant was centrifuged at 10000 g for 10 min and the pellet ('mitochondrial' fraction) resuspended in buffer. The ~o o o o g supernatant was then centrifuged at IOOOOO g for 30 min to prepare the 6microsomal' fraction, which was also suspended in buffer. The supernatant from this centrifugation was dialysed for 4 h against 50 ~M-KH,PO,-KOH buffer, pH 6.0. The other fractions were recentrifuged and resuspended twice in 50 mM buffer, before finally storing at -20 "C together with the supernatant fraction.
Chitin synthase aSSdy was based on the method described by Glaser & Brown (1957) . For most experiments the reaction mixture contained I mM-UDP-GlcNAc, 5 to I o ,uCi LJDP-[U-14C]GlcNAc, 20 m~-MgCl,, 20 mM-N-acetylglucosamine (GlcNAc), 25 mM-KH2P04-KOH (PH 6.0) and 'microsomal' fraction enzyme (I to 5 mg protein), in a total volume of 50 pl. Mixtures were incubated at 31 "C, usually for 15 min, and the reactions were terminated by the addition of 10 pl glacial acetic acid. A sample (50 pl) was removed from each mixture for descending chromatography using Whatman No. I paper strips.
The chromatograms were usually developed for 6 h in 95 % ethanol-1 M-acetic acid (7:3, v/v). Chitin formed during the assay was not eluted and remained at the origin of the chromatogram. This region was excised and the radioactivity measured. All assays were carried out in triplicate, with controls prepared by adding the acetic acid before the enzyme preparation. In some experiments the chromatograms were developed in I -butanolpyridine-water (6:4:3, by vol.). A Panex RTL 5-IA thin-layer scanner was used to locate the components of the mixtures. Isotope counts were determined using a Packard TriCarb liquid scintillation counter. Pieces of chromatography paper were suspended in 
(1954).
Residual nitrogen was determined as ammonia using Nessler's reagent. The pH was measured using an E.I.L. meter. Dry weight determinations were made on small volumes of the cultures by vacuum filtration through previously-tared filter papers, which were then dried for 24 h at 105 "C before reweighing. 
RESULTS

Distribution of chitin synthase activity in the cellular fractions
Almost half the total chitin synthase was found in the 'cell-wall ' fraction (Table I) , with most of the remainder in the ' microsomal' and ' mitochondrial' fractions. However, the three particulate fractions showed similar specific activities. Further disruptions of the ' cell-wall ' fraction followed by washings showed a very small decrease in the enzyme activity of the walls.
Eflects of storage on enzyme stability
The activity of the 'microsomal' fraction had a half-life of 8 to 9 days, 24 h and 12 h, respectively, when stored at -20 "C, o "C or 18 "C in 25 mM-KH,POpKOH buffer (pH 6.0) containing I rn~-MgCl,. Storage at 20 "C, with subsequent thawing and refreezing every 24 h, resulted in a reduction of the enzyme half-life to 4 to 5 days.
Reaction kinetics
From a slightly curved Lineweaver-Burk plot (Fig. I) , the apparent K, for UDPGlcNAc was estimated to be about 1.8 mM. In further experiments the concentration of UDP-GlcNAc was maintained at I mM whilst the GlcNAc concentration was varied between o and 20 mM. The addition of increasing concentrations of GlcNAc caused a slight stimulation of enzyme activity. Inclusion of the soluble chitodextrins F1 and F, in the assay mixtures had an inhibitory effect ( Table 2) .
Identification of assay product
Reactions similar to those described in Methods were scaled up to give a final working volume of 500 pl, and terminated after 2 h. Chromatography (ethanol : acetic acid) of samples from the reaction mixtures demonstrated the presence of two peaks; the first remained at the origin and the second had an RP value (0.42) similar to the UDP-GlcNAc standard. After dialysis of the reaction mixtures against distilled water for 24 h at 4 "C, to remove the substrate, the non-dialysable material was centrifuged at 20008 for 20 rnin and finally resuspended in 0.5 ml distilled water. Hydrolysis with concentrated HCl for 2 h at IOO "C, followed by neutralization, resulted in a single product with an RP value (0.59) equivalent to glucosamine. The effect of chitinase was tested by mixing equal volumes of the 'chitin' material with a solution of the enzyme (I mg/ml) in 50 ~M-KH,PO,-KOH buffer, pH 6.5, for 2 h at 30 "C. The reaction was terminated with glacial acetic acid and Chitin synthase in M. vinacea the neutralized mixture was chromatographed, using butanol-pyridine-water (6 : 4 : 3, by vol.) as solvent. Only 3 % of the activity remained at the origin, the remainder being located as a single peak with an RF value (0.73) similar to that of GlcNAc.
Time course of chitin formation
After 20 min incubation, 18.9 and 16-2 % of the substrate was converted to chitin by the ' mitochondrial ' and ' microsomal' material, respectively. The initial rates of activity in this experiment were 6.33 and 5-2 nmol GlcNAc incorporated/min/mg protein for the mitochondrial' and microsomal ' fractions, respectively (Fig. 2) .
Eflect of bufer concentration and p H
The pH of the incubation mixture was varied using 25 mhf-KH,PO,-KOH buffer and 50 mM-tris-HC1. Maximum activity was found with KH2P04-KOH, the optimum pH value being between 5.8 and 6.2. Increasing the concentration of phosphate buffer (PH 6.5, 232 Chitin synthase activity* containing 20 mM-MgC1,) from I to 500 mM, caused an inhibition of the chitin synthase activity of the 'microsomal' fraction (Fig. 3) . The pH of the final reaction mixture was corrected in each case. The 25 mM buffer was selected for use, despite a slight inhibitory effect, because at lower concentrations buffering capacity was severely reduced.
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Eflect of diflerent cations on chitin synthase activity The influence of several metallic ions was investigated and only Mg2+ showed a marked stimulation in activity over the control (Table 3 ). Co2+ showed a slight increase in activity, but Zn2-, Fez+, Ba2*, and Ca2+ caused the greatest inhibition of chitin formation. Variation in MgC1, concentration between 0.6 and 100 mM showed an increase in activity up to 20 MU, after which there was a progressive inhibition of the enzyme.
Eflect of temperature Standard reaction mixtures were incubated at various temperatures for I 5 min. Chitin synthase activity was maximal between 31 and 33 "C.
Chitin synthase inhibitor in soluble cytoplasm
The presence of a soluble cytoplasmic inhibitor of chitin synthase activity in vitro was observed. Mycelium was homogenized without buffer and submitted to differential centri-Chitin synthase in M. vinacea 233 showed only two peaks, corresponding to substrate and chitin, indicating that the inhibitor prevented product formation and did not cause product breakdown. The inhibitory effect of the cytoplasmic component was found to be pH-dependent. Assay mixtures containing 25 mM-KH,PO,-KOH buffer over the range pH 5-5 to 7-5 were set up and the ~ooooo g supernatant was added at a concentration of I mg proteinlml. Inhibition was found to increase linearly up to pH 7.5 (Table 4) .
Chitin synthuse activities of M . vinacea in a fermenter under direrent growth conditions
In an attempt to relate chitin synthase production to growth of M. vinacea, the fungus was grown in a batch fermenter with different rates of aeration and with different medium compositions. The results are shown in Fig. 4 . Halving the aeration rate ( Fig. 4a compared with Fig. 4b ) markedly affected the utilization of glucose and about 45 % of the substrate remained in the medium when the culture entered the stationary phase. At the higher rate of aeration the glucose was rapidly consumed and appeared to be the nutrient limiting extent of growth. The substrate was rapidly removed from the low-glucose medium (Fig.  4c) , again indicating limitation of growth. The specific growth rates during exponential growth, calculated from logarithmic plots, were: high glucose-high aeration, 0.28 h-l ; high glucose-low aeration, 0.18 h-l; low glucose, 0.25 h-l. Biomass, at the maximum population phase, was greatest with high glucose and high aeration; reduced aeration halved the mycelial yield and low glucose reduced it to about 25 % of that on the highglucose medium. Chitin synthase, expressed as specific activity or as total activity, showed broadly similar patterns under all conditions of growth. Maximum specific activity of the enzyme was observed at the end of exponential growth. (1971) proposed that the IOOOOO g 'microsomal' fraction is the site of chitin synthase formation before its migration to its site of action in the cell wall. The difficulty of removing chitin synthase from the 'cell-wall' fractions of M. vinacea and M . rouxii (McMurrough et al. 1971) suggests that the enzyme is bound to the wall. However, electron micrographs of wall fractions of Phycomyces blakesleeanus (Jan, 1974) show high contamination of the walls with attached membranous material. A membranous location for chitin synthase in the yeast-form of M. rouxii is now indicated by the work of Ruiz-Herrera & Bartnicki-Garcia (1974). It is hoped that future studies on chitin synthase in protoplasts of M. vindcea will also help to elucidate the nature of the relationship between the enzyme and the hyphal wall.
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Porter & Jaworski (1966) suggested that freezing and thawing of chitin synthase fractions may release inhibitor or hydrolytic enzymes which act upon the substrate or the chitin formed. The presence of activators and inhibitors of chitin synthase have subsequently been demonstrated in yeast cells (Cabib & Keller, 1971 ; Ulane, 1973a, b) . The presence of a heat-stable, pH-dependent inhibitor of chitin synthase, similar to that found in M. vimceu, has been reported in M. rouxii (McMurrough & Bartnicki-Garcia, 1973 ) and it has been purified as a protein of molecular weight 8500 from Saccharomyces cerevisiae (Ulane & Cabib, 1974) . Activators of chitin synthase have not as yet been isolated from filamentous fungi, although activation by the addition of proteases has been demonstrated in M. rouxii (McMurrough & Bartnicki-Garcia, 1973 ) and Aspergillus nidulans (N. R. Ryder, personal communication).
